The thermal property of Sn-3.0Ag-0.5Cu solder alloy under different corrosion exposure time was investigated. Prior to thermal characterization, Sn-3.0Ag-0.5Cu solder alloy was immersed in 3.5 wt. % NaCl solution at various exposure times. The thermal properties of Sn-3.0Ag-0.5Cu revealed that the total heat absorbed and heat of fusion of the samples show decreasing trends as corrosion became more severe. The pasty range and melting point of the samples were unaffected by the severity of corrosion. Microstructural and elemental characterization revealed the presence of tin oxides, namely, SnO and SnO 2; Cu-and Ag-containing corrosion by-products adhered to the surface of the corroded samples. The surfaces of the samples investigated revealed the evolution of the morphology of the corrosion by-products from flakes to coral-like structures.
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Introduction
Heat during the operation of electronic products may affect the joint reliability of the solder. Extreme conditions, such as a corrosive environment, can also significantly affect the thermal properties of the solder alloy during operation. Therefore, a basic understanding of the thermal properties of the solder alloy is significant as electronic components are subjected to high-temperature and corrosive applications 1 . Technically, the thermal properties of the corroded solder alloy can be examined by subjecting the solder alloy to a high-temperature environment while recording the melting temperature and total heat absorbed and calculating the heat of fusion after the heating process. The resulting heat flow as a function of temperature curves are of vital importance because they provides data that can be used to interpret the thermal behavior of the solder alloy under the effects of corrosion.
The reliability of a solder plays an important role in determining the performance and lifetime of electronic devices when subjected to high-temperature and corrosive environments 2, 3 . Thus, knowledge of the thermal behavior of the solder alloy under the effects of corrosion is essential to avoid failures and malfunctions of electronic devices 4 . To date, many studies have been conducted to investigate the thermal properties of or the effects of corrosion on the Sn-3.0Ag-0.5Cu (SAC305) solder alloys. Most studies apply the potentiodynamic polarization test to assess the corrosion behavior of the Sn-Ag-Cu (SAC) solder only [5] [6] [7] [8] [9] . However, none of the studies have investigated the combined effects of corrosion and high temperature on the thermal properties of the solder.
In this work, the effects of corrosion on the thermal property of SAC305 were investigated by immersion in NaCl solution. Structural characterization was also conducted prior to morphological and elemental analyses to obtain a better understanding of the effects of corrosion on the thermal behavior of the solder.
Experimental
The commercial SAC305 solder alloy (Kester SAC305) was supplied as a rosin formula flux-cored wire with a diameter of 2.36 mm. The wire was rolled into coils using pliers and placed in a clean crucible. Then, the crucible was placed in a pot furnace chamber. A gas tube was connected from the pure argon (Ar) gas tank to the inlet of the pot furnace. The pot furnace was then sealed and purged with pure argon gas for 15 minutes to remove oxygen and other gases from the chamber. The temperature was increased by 50°C/minute to 320 °C with 30 minutes of soaking time while the chamber was continuously purged with pure Ar gas. The molten SAC305 was slowly left to cool for 24 hours to room temperature to ensure complete solidification. Grinding and polishing were used to prepare the samples after the reflow process to remove contaminants and unwanted oxide layers. A puncher was used to punch out pellet sized samples with a diameter of 5 mm.
Sodium chloride powder (Merck) was dissolved in deionized water to prepare 3.5 wt.% NaCl solution. The punched solders were then immersed into the corrosive solution for 7, 14, or 21 days. Samples that were not immersed were labeled pristine. After immersion, the corroded samples were carefully extracted from their containers. Thermal analysis by differential scanning calorimetry (DSC, 1GC10 Star e System, Mettler-Toledo) was conducted on the pristine and corroded samples to investigate how corrosion affects the thermal property of the SAC305 solder alloy. The temperature was increased from 35 °C to 300 °C at a steady rate of 5 °C/min. Argon gas was directed into the chamber throughout the heating process to prevent unwanted oxidation of the samples.
X-ray diffraction (XRD; Bruker AXS D9 diffractometer) characterization with Cu Kα radiation was conducted to identify the phases of the pristine and corroded SAC305. The diffraction angle (2θ) ranged from 10° to 90°. By using the EVA software, analysis of the XRD results was conducted by matching the majority of the peaks observed from the scan result of the sample to the existing peaks provided by the International Centre of Diffraction Data (ICDD). A field-emission scanning electron microscope (FESEM, Zeiss Supra 35VP) and energy dispersive X-ray (EDX, EDAX Inc.) were also utilized to investigate the microstructure and elemental composition of the pristine and corroded samples.
Result and discussion
Thermal analysis of pristine and corroded SAC305 solder alloy samples
The DSC curves of the pristine and corroded SAC305 solder alloy samples exhibited similar trends (Fig. 1) . However, the area of the endothermic peak of each sample decreases as corrosion became more severe. The endothermic peak represents the melting of the SAC305 solder alloy. The melting temperature of each sample was not significantly affected by increasing corrosion severity. The melting temperature of the samples were found to be 219 °C (pristine) and for the corroded samples were 218.5 °C (7 days), 217.9 °C (14 days) and 218.5 °C (21 days). The pasty range values were calculated based on the difference between the values of T offset and T onset ( Table 1) . The pasty ranges calculated were 26.3 °C for the pristine sample, 26.5 °C for the sample corroded for 7 d, 26.0 °C for the sample corroded for 14 d, and 25.9 °C for the sample corroded for 21 d. The pasty range of each sample however, is approximately the same, albeit with a slight difference of 1 °C. Similar to the melting point, the corrosion exerts practically no significant effect on the pasty range of the SAC305 solder alloy.
Gradual reduction in heat flow and shifting of the melting temperature to a lower value as corrosion was prolonged have been observed on the curves. The graphs can be divided into three main regions of AB, BC, and CD to differentiate the thermal behavior of SAC305. In the first region (AB), the heat flow is generally constant at approximately −30 mW as temperature increases from 35 °C to 201 °C. This finding shows that no additional heat was absorbed or released by the samples as the temperature increased. Thus, no endothermic or exothermic peaks
were detected throughout this range. All of the SAC305 samples remained in solid state throughout this region. The graphs exhibited different trends at temperatures of 201 °C to 228 °C, (BC). As temperature increases, the heat flow decreased to a low value. This significant decrease in heat flow indicates that heat has been absorbed by the SAC305 solder alloy samples to change from the solid state to the liquid state. The temperature at which the SAC305 solder alloys completely change into the liquid state is the minimum heat flow representing the melting temperature. It can be observed that the severity of corrosion has a significant effect on the endothermic peaks of the SAC305 solder alloy as each peak reflects different curve profiles. The shape of the endothermic peak progresses from a sharp, narrow peak in the pristine sample to a blunt peak in the sample corroded for 21 d. This finding indicates that less energy is consumed during conversion of the solder alloy from the solid state to the liquid state as corrosion of the solder alloy becomes more severe; mainly attributed to the consumption of the Sn in the SAC305 solder alloy by the corrosion attack.
The behaviour of constant heat flow as temperature increased were been also been obtained (CD). This finding indicates that no additional heat was released or absorbed while the molten solder alloy was in liquid form. Such behaviour in the thermal property were been portrayed by variety of SAC solder alloys although with the absence of the corrosion effects 10 . The total heat absorb by the samples are 6780.0 mJ (pristine), 6709.9 mJ (7 days), 6688.3 mJ (14 days) and 6626.4 mJ (21 days). These results indicated that the total heat absorbed decreases with increasing immersion time. This finding can be explained by the reduction on the Sn phase amount left in SAC305 solder alloy after the immersion, as the majority of Sn reacts with the corrosive solution to form tin oxides.
Further interpretations of the data were conducted to obtain a better understanding of the effects of corrosion on the thermal behaviour of the solders. Calculating the heat of fusion of the samples is essential. The heat of fusion is defined as the heat absorbed by a unit mass of solid to change the solid state into the liquid state. The heat of fusion is a critical property as it governs the reliability of the solder alloy while in service. The heat of fusion (∆H) was determined using the following equation 11 ,
where k, a constant with a value of 2.64 for pure tin (Sn) 11 , is defined as a calibration coefficient that depends on crucible shape, m is the mass of the sample, and A is the area under the endothermic peak. Calibration indicates the relationship between quantities recorded by the measuring device and the true values. The calculated heat absorbed per unit mass (A/m) for SAC305 ranges from 63.9 J/g to 67.8 J/g (Table 1 ). Consequently, the heats of fusion (∆H) obtained from the calculations are 179.0 J/g for the pristine samples, 175.6 J/g for the corroded sample (7 days), 173.4 J/g for corroded sample (14 days), and 168.7 J/ corroded sample (21 days). The decrease in heats of fusion calculated from the total heat absorbed indicated that less energy was consumed to melt the SAC305 solder alloy per unit weight as corrosion became more severe; mainly due to the resulting lesser amount of Sn phase presence in the solder alloy. 
Phase determination of pristine and corroded SAC305 solder alloy samples
The XRD patterns of the pristine and corroded SAC305 samples showed evident differences in several main peaks (Fig. 2) . For the pristine sample, the XRD patterns initially revealed the presence of the β-Sn phase (ICDD 01-089-4898), intermetallic compounds of Ag 3 Sn (ICDD 01-071-0530), Cu 6 Sn 5 (ICDD 00-045-1488), Cu 3 Sn (ICDD 03-065-4653), and an oxide layer of SnO (ICDD 00-001-0891). These were basically the main phases formed upon reflowing the SAC305 solder alloys 11 . Additional phases were detected when the samples were corroded. The three new phases detected included β-SnO (ICDD 00-007-0195), SnO 2 (ICDD 00-003-1116), and Sn 4 (OH) 6 Cl 2 (ICDD of 00-015-0676). Atoms of Sn
2+
were gradually consumed to form by-products during sample corrosion. Perhaps the most crucial corrosion byproduct formed was β-SnO. Small peaks of β-SnO were formed as corrosion became more severe (Fig. 2e) . β-SnO formation occurred at the expense of β-Sn. It is noted that the β-SnO is the main by-products corresponded to the SAC solder alloys upon corrosion attack 9 . The β-Sn peak notably decreased with increasing immersion time (Fig. 2f) . In other words, β-Sn supplies the Sn 2+ needed to form the β-SnO oxide layer. This finding explains the reduction in the β-Sn peaks and confirms the formation of new β-SnO peaks with increasing immersion time.
Microstructure and elemental characterization of pristine and corroded SAC305 solder alloy samples
The microstructure of pristine SAC305 solder alloy as the control sample was examined for further morphological comparison (Fig. 3a) . The microstructure was flat and smooth, indicating that sufficient polishing had been conducted. However, the microstructure evolved as the immersion time increased. The sample corroded for 7 days exhibited loosely packed structures scattered randomly across the sample surface (Fig. 3b) . The layers were fairly smooth with large flake structures.
The sample corroded for 14 days exhibited small globular forms of the corrosion by-product that are close to each other which mainly due to the stacking of these by-products (Fig. 3c) . This finding indicated that the corrosion by-products grew outward as corrosion became more severe. The increase in the weight of the corrosion by-products caused slight cracks to form on the microstructure. This finding is due to the fact that the corrosion by-product layer is unable to sustain its own weight, causing it to chip off and revealing a fresh sample surface. The newly exposed surface favour further corrosion attack to take place, increasing the amount of the produced corrosion by-products. The effects of corrosion were the poorest when the sample was corroded for 21 days (Fig. 3d) . The flakes no longer retained a globular structure of stacked corrosion by-products but developed coral-like structures. The severity of corrosion causes corrosion by-products to grow outward, stacking on top of each other with significant pores between them and forming coral-like structures. This observation may also explain the formation of oxide layers that eventually covered the sample surface of the corroded SAC305 solder alloy. This phenomena of the changes in the morphology of the SAC305 solder alloys were mainly favoured from the corrosion attack by the NaCl solution 9 . By comparing the EDX results obtained for the four samples, we observed that the composition of Sn gradually decreased (Fig. 4) . This finding is due to the reaction of Sn with the corrosive solution to form other corrosion byproducts. As revealed by the XRD results, the corrosion by-products were SnO, SnO 2 , SnCl 2 , SnCl 4 , and Sn 4 (OH) 6 Cl 2 . Low silver (Ag) concentrations were also observed in the micrographs because Ag is segregated at only a few locations. The presence of the needle-shaped Ag 3 Sn was not visible throughout the microstructure due to this segregation, but more likely to be observed in certain localized locations in the solder matrix 5 . Traces of sodium (Na) and chloride (Cl) were observed on the microstructure. The presence of sodium is due to the residual NaCl in the corrosive solution that adhered to the sample. The presence of chloride can be explained by the presence of corrosion by-products, such as SnCl 2 , SnCl 4 , and Sn 4 (OH) 6 Cl 2 , as obtained from the XRD results. Perhaps the most important element that should be considered is oxide. Oxide was detected in all of the microstructures. The presence of oxide is due to the formation of α-SnO, β-SnO, and SnO 2 , as revealed by structural analysis. The weight composition graph shows that the composition of Sn gradually decreases with increasing oxide composition and immersion time (Fig. 4) . The increments of oxide composition detected by EDX can be attributed to the formation of new tin oxide layers as well as thickening of the existing tin oxide layers. This finding correlates with the XRD spectra, which reveals more peaks of α-SnO, β-SnO, and SnO 2 , as the corrosion time increases. 
Conclusion
Several thermal properties of the SAC305 solder alloy were significantly influenced by corrosion. The total heat absorbed by the SAC305 solder alloy decreased as the exposure time in the corrosive solution increased. The total heat absorbed decreased due to the consumption of Sn in SAC305 to form oxides after corrosion had occurred. The calculated heat of fusion for the samples also showed a decreasing value when corrosion became more severe. This finding indicates that less energy was required to melt the SAC305 solder alloy. The corrosion also exhibits no evident changes in the gap of the pasty range and melting point of the SAC305 solder. The tendency of Sn to form corrosion by-products was further reaffirmed by structural analysis, which showed that the peak intensities of Sn decreased with increasing immersion time. The micrographs of the samples exhibited different morphologies, ranging from a shiny surface in the pristine sample to coral-like structures of the corrosion by-products that grew on the corroded samples. The elemental analysis on the micrographs further revealed that the weight percentage of the element oxide increases with prolonged corrosion exposure. 
